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Abstract 
A better understanding of the behaviour of prepared cane and bagasse 
during the crushing process is believed to be an essential prerequisite for 
further improvements to the crushing process.  Improvements could be 
made, for example, in throughput, sugar extraction, and bagasse moisture.  
The ability to model the mechanical behaviour of bagasse as it is squeezed 
in a milling unit to extract juice would help identify how to improve the 
current process to reduce final bagasse moisture.  However an adequate 
mechanical model for bagasse is currently not available. 
Previous investigations have proven with certainty that juice flow through 
bagasse obeys Darcy’s permeability law, that the grip of the rough surface 
of the grooves on the bagasse can be represented by the Mohr- Coulomb 
failure criterion for soils, and that the internal mechanical behaviour of the 
bagasse is critical state behaviour similar to that for sand and clay.  
Current Finite Element Models (FEM) available in commercial software 
have adequate permeability models.  However, the same commercial 
software do not contain an adequate mechanical model for bagasse. 
Progress has been made in the last ten years towards implementing a 
mechanical model for bagasse in finite element software code.  This paper 
builds on that progress and carries out a further step towards obtaining an 
adequate material model. 
 
Introduction 
A better understanding of the mechanical behaviour of prepared cane and 
bagasse during the crushing process, coupled with a milling model incorporating a 
material model that can reproduce that behaviour, is seen as the most promising 
avenue to make improvements to the crushing process.  Improvements could be made, 
for example, to throughput, sugar extraction, and bagasse moisture. With the 
increased interest in cogeneration, a reduced level of bagasse moisture becomes more 
important. 
The ability to model the mechanical behaviour of bagasse as it is squeezed in a 
milling unit to extract juice would help identify how to improve the current process to 
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reduce final bagasse moisture.  However, an adequate material model for bagasse is 
currently not available. 
Previous studies in the last 14 years have been undertaken to simulate prepared cane 
and bagasse being crushed in a milling unit.  The simulations used material models 
available in commercial [Finite Element Method (FEM)] software packages such as 
ABAQUS.  These models were invariably critical state soil mechanics models, 
originally developed to model materials such as clay, and not prepared cane or 
bagasse.   
Although these models have been the most promising available tools to simulate the 
behaviour of bagasse, there are some important limitations in the models.  For 
example, when prepared cane and bagasse are compressed vertically, they exhibit a 
low lateral stress (ko, the ratio of lateral to vertical stress).  To model this compression 
behaviour, simulations were carried out using physically impossible magnitudes of an 
important material parameter, the slope of the critical state line (M), which is a 
measure of the internal friction angle of a material.  Values such as 3.5 to 4.0 were 
used (for example, Loughran and Kannapiran, 2002).  The maximum physically 
possible value is 3.0, for which the corresponding friction angle for triaxial 
compression is 90 degrees (Muir Wood, 1990).  Most (if not all) materials made up of 
separate particles have measured values that are much lower than 3.0.  As a further 
issue, the milling models were not able to predict the magnitudes of the measured 
torques. 
Kent (2004) carried out mill modelling using ABAQUS with the Drucker Prager Cap 
(DPC) model, and obtained an empirical equation that better predicted the throughput 
of a milling unit.  However, as in other previous work, the predicted torques from the 
milling model were significantly lower than those measured.  
Using a direct shear test, Plaza et al. (2000, 2002) showed experimentally that 
prepared cane and bagasse materials did exhibit critical state behaviour.  The results 
from these papers, and many others published in the ASSCT in the period 1998 to 
2004, were greatly enhanced by information provided by a soil expert.  Comparison of 
predictions using ABAQUS with experimental data of the simple loading cases of 
compression, unloading, and shearing (Plaza et al., 2001) showed that the existing 
material models in the available commercial packages were inadequate.  If the 
material models cannot simulate the stresses and strains in simple mechanical tests on 
bagasse, then it is highly unlikely that, for example, the loads and torques in a milling 
unit, or the movement and deformation of bagasse in a roll groove, can be predicted 
adequately.  In order to overcome this major limitation, the way forward is the 
development of a mechanical material model specific to bagasse that can be used as a 
subroutine into commercial FEM software.  However, no further work seems to have 
been carried out in this area in at least the last six years. 
The coding and application of critical state material models for specific 
materials and simulation purposes is carried out in many universities, government 
defence organizations, and private companies, with hundreds of new variations 
published every year.  The practical application of the models in complex situations, 
for example, in the deformation of geological materials and in military applications 
(Fossum and Brannon, 2004), in the making of compacted powders in the 
pharmaceutical industry (Han et al., 2008, Wang, 2007), and in vehicle impact 
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simulations (Marzi et al., 2009), is extensive, well proven, and worth billions of 
dollars. Almost without exception, the coding for the particular models is kept 
confidential.  However, there are many publications that describe the detail required 
to build and code the models.  The future use of this available literature and feedback 
from critical state mechanics experts is important if progress is to be made towards 
improving mill modelling capability. 
Existing material models applied to bagasse 
Several material models available in commercial software have been applied to 
milling.  The Modified Cam Clay (MCC) and the DPC models in ABAQUS stand out 
as being able to simulate loading compression behaviour adequately, and the DPC 
model, as noted previously, has been used to achieve a better prediction of 
throughput.  The DPC model has the capability to model some strength in tension (a 
cohesion component) that the MCC does not have.  Such a cohesion is shown in 
Figure 3 of Plaza and Kent (1998), reproduced here as Figure 1, where the shear 
failure of prepared cane at low milling pressures is shown.  It is shown that, at zero 
vertical pressure, the material has the capacity to withstand some shear stress, which 
is only possible if there is cohesion. 
Fig 1 – Shearing of prepared cane at low pressures (Plaza and Kent, 1998). 
The ability of the DPC model to model some strength in tension, reproducing reality, 
allows a more numerically robust simulation in a milling situation, where, as the 
bagasse exits a nip between two rolls, tensile stresses are bound to occur.  However, 
the DPC model is limited in that its definitions of yield and deformation are fairly 
restrictive, and certainly in the ABAQUS software, cannot be modified.  A model 
described in Plaza et al. (2002), called the modification 1 of Yu (1998) model and 
applied as a subroutine to ABAQUS, achieved improved reproductions of loading and 
unloading conditions relevant to milling compared to previously tested models.  These 
improvements occurred while using a set of material parameters that better reflect the 
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magnitudes of measured material parameters of bagasse.  However, this model did not 
have the capability to model some strength in tension. 
An upgrade to the MCC model is described by de Souza Neto et al. (2008) to add a 
cohesion capability.  This model has the flexibility to be modified in a similar way as 
the modification 1 of Yu (1998) model, in order to achieve improved predictions.   By 
coding it into a subroutine attached to a commercial FEM package, it is possible to 
modify any part of the material behaviour, while being able to track and understand 
the internal workings of the code. 
Description, coding and initial testing of the Modified Cam Clay model with beta 
modification and tension capability 
A brief description of the Modified Cam Clay model with beta modification and 
tension capability (de Souza Neto et al., 2008) is given here.  The shape of the yield 
surface is shown in Figure 2, reproduced from Figure 10.1 of de Souza Neto et al. 
(2008). 
 
Fig 2 – Yield surface of Modified Cam Clay with beta modification and tension   
capability  
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and the other symbols are as shown in Figure 2. 
In a similar manner to the modification 1 of Yu (1998) model, the flexibility of 
the MCC model described by de Souza Neto et al. (2008) was increased by adopting 
separately defined shapes for the yield surface (which defines the yield points) and the 
potential surface (which defines the deformation at yield, that is, the ratio between the 
shear deformation and the volume deformation).  The difference in the input file is 
that there are two sets of parameters β and pt.  This addition will allow more 
flexibility that will help achieve good fits to simple laboratory experimental results.   
By simply having the same values in the two sets of two parameters, the result is the 
model described by de Souza Neto et al. (2008). 
Following the procedure outlined by Naylor and Pande (1981) and Naylor 
(1985), the model was coded first into a single element stand alone program written in 
fortran, then into a subroutine in the format required by the ABAQUS software. 
To model a complex milling problem, it is important that the stresses and strains 
for five simple loading cases are modelled adequately.  The five loading cases are: 
initial loading in compression, unloading in compression, reloading in compression, 
shearing of normally consolidated bagasse, and shearing of heavily over-consolidated 
bagasse.   
An initial test of the model for the first loading case has been carried out, by 
simulating the compression of final bagasse for two cases with pt equal to 0.0002 kPa 
and pt equal to 6 kPa.  The input data used is shown in Table 1.  The predictions 
compared to measurement are shown in Figure 3, for vertical pressures between 149 
kPa and 1900 kPa (it is noted that Figure 3 also shows measurements of initial 
loading, unloading and reloading to and from 149 kPa, and elastic unloading and 
reloading from and to 1900 kPa).  It is shown that the predictions achieve a good 
reproduction of the measurements.  The effect of a small value of cohesion should not 
affect the simulation at these pressures and it does not.  The values of ko (the ratio of 
the developed lateral stress in response to the vertical pressure) shown in Table 1 are 
the values predicted (and enforced) by the model. The range of typical experimental 
values of ko for prepared cane and bagasse are given as 0.1 to 0.3 (Adam, 1997) and 
0.35 (Crawford, 1955). 
Table 1 – Data used in simulation of compressive loading of final bagasse 
 λ κ E (kPa) ν M β pt (kPa) ko 
Case 1 0.93 0.169 4545.0 0.3 1.1 0.21 0.0002 0.4 
Case 2 0.93 0.169 4545.0 0.3 1.1 0.21 6.0 0.4 
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Fig 3 – Comparison of predictions for loading in compression with measured data. 
Comparison of the predictions and measurements for the remaining four load 
cases is still required.  It is envisaged that some modification to the presented model 
will be required in the future in order to achieve an adequate prediction in all five 
cases, with a single set of input parameters.   
Conclusions 
Improved understanding of bagasse mechanical behaviour and improved 
modelling capability is required to achieve further gains in a consistent manner.  A 
reduction in bagasse moisture is a clear objective.  It has been noted that similar 
mechanical models as those applicable to prepared cane and bagasse are used 
extensively across many fields of engineering with large financial gains.  A further 
development of a mechanical model has been presented in this work.  It is a small but 
important step towards the goal of developing an adequate material model for 
prepared cane and bagasse. 
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